Branched-chain polyamines are found exclusively in thermophilic bacteria and Euryarchaeota and play essential roles in survival at high temperatures. In the present study, kinetic analyses of a branched-chain polyamine synthase from the hyperthermophilic archaeon Thermococcus kodakarensis (Tk-BpsA) were conducted, showing that N 4 -bis(aminopropyl)spermidine was produced by sequential additions of decarboxylated S-adenosylmethionine (dcSAM) aminopropyl groups to spermidine, through bifunctional catalytic action. Tk-BpsA catalyzed the aminopropylation of the linear-chain polyamines spermidine, spermine, norspermidine, and the tertiary-branched polyamines N 4 -aminopropylspermidine and N 4 -aminopropylnorspermidine, but not of short-chain diamines, putrescine, and cadaverine, suggesting that Tk-BpsA does not catalyze the aminopropylation of primary amino groups of diamines. X-ray structural analyses of Tk-BpsA in the presence or absence of the substrates spermidine and dcSAM revealed that a large, negatively charged cavity is responsible for the binding of branched-chain substrates. The binding is different from that in the active site of linear polyamine spermidine/spermine synthases, and loop-closures occur upon the binding of spermidine. Based on structural analyses, further kinetic studies were carried out for various mutants, revealing that Asp159, positioned between the reactive secondary amino group of the substrate polyamine and a sulfur atom of the product 5ʹ-methylthioadenosine and in a Gly-Asp-Asp-Asp motif, functions as a catalytic center, with reactions proceeding via a ping-pong mechanism. Our study provides a novel aminopropyltransfer reaction mechanism, distinct from the S N 2 displacement mechanism found in other known linear spermidine/spermine synthases.
Branched-chain polyamines are found exclusively in thermophilic bacteria and Euryarchaeota and play essential roles in survival at high temperatures. In the present study, kinetic analyses of a branched-chain polyamine synthase from the hyperthermophilic archaeon Thermococcus kodakarensis (Tk-BpsA) were conducted, showing that N 4 -bis(aminopropyl)spermidine was produced by sequential additions of decarboxylated S-adenosylmethionine (dcSAM) aminopropyl groups to spermidine, through bifunctional catalytic action. Tk-BpsA catalyzed the aminopropylation of the linear-chain polyamines spermidine, spermine, norspermidine, and the tertiary-branched polyamines N 4 -aminopropylspermidine and N 4 -aminopropylnorspermidine, but not of short-chain diamines, putrescine, and cadaverine, suggesting that Tk-BpsA does not catalyze the aminopropylation of primary amino groups of diamines. X-ray structural analyses of Tk-BpsA in the presence or absence of the substrates spermidine and dcSAM revealed that a large, negatively charged cavity is responsible for the binding of branched-chain substrates. The binding is different from that in the active site of linear polyamine spermidine/spermine synthases, and loop-closures occur upon the binding of spermidine. Based on structural analyses, further kinetic studies were carried out for various mutants, revealing that Asp159, positioned between the reactive secondary amino group of the substrate polyamine and a sulfur atom of the product 5ʹ-methylthioadenosine and in a Gly-Asp-Asp-Asp motif, functions as a catalytic center, with reactions proceeding via a ping-pong mechanism. Our study provides a novel aminopropyltransfer reaction mechanism, distinct from the S N 2 displacement mechanism found in other known linear spermidine/spermine synthases.
Introduction
Polyamines, low molecular weight aliphatic polycations that contain two or more amino groups, are ubiquitous in living organisms. They play important roles in cell growth, development, chromatin structure modulation, the regulation of cell proliferation and apoptosis, and stress adaptation [1] [2] [3] [4] [5] . Most common polyamines, such as putrescine, spermidine, and spermine, are associated with RNA, as shown in rat liver, bovine lymphocytes, and Escherichia coli [5] . In the tRNA Phe -spermine complex, one of two spermine molecules binds to the connection region of D-and anticodon-stems and the other to the anticodon-stem [6] . Therefore, polyamines play an important role, especially in translation. In addition to common polyamines, (hyper)thermophiles contain two types of unusual major polyamines [7, 8] . One comprises long linear-chain polyamines such as caldopentamine and caldohexamine, while the other comprises branchedchain polyamines such as N 4 -aminopropylnorspermidine (tris(3-aminopropyl)amine), N 4 -aminopropylspermidine, tetrakis-(3-aminopropyl)ammonium, and N 4 -bis(aminopropyl)spermidine. The branched-chain polyamines are found in (hyper)thermophilic bacteria and Euryarchaeota. A previous study indicated that long-and branched-chain polyamines contribute to the stabilization of nucleic acids such as DNA and RNA at high temperatures [9] . N 4 -Bis(aminopropyl)spermidine has a stronger effect for DNA compaction because of the greater basicity of the quaternary ammonium group [10] . The relative amounts of these long-and branched-chain polyamines in (hyper)thermophiles increase significantly with increasing growth temperature, and it is reasonable to suggest that they greatly contribute to microbial growth persistence and maintenance of cell homeostasis, especially at high temperatures [11, 12] . In fact, the addition of a branched-chain polyamine [tetrakis-(3-aminopropyl)ammonium] at higher concentration enhanced the activity of a cellfree translation system from Thermus thermophilus at higher temperature [13] . In addition, a longer chain polyamine, caldohexamine, and tetrakis-(3-aminopropyl)ammonium increased the activity of T. thermophilus tRNA (G m   18 ) methyltransferase, which catalyzes the modification of tRNA essential for stabilization at high temperatures [14] .
Recently, we identified a novel aminopropyltransferase, belonging to a new family of these enzymes, responsible for the biosynthesis of branched-chain polyamines in extracts of the hyperthermophilic archaeon Thermococcus kodakarensis grown at 85-93°C [15] . This novel enzyme, termed BpsA, appears to catalyze the sequential aminopropyl transfer reaction from decarboxylated S-adenosylmethionine (dcSAM) to the initial substrate spermidine, resulting in the production of N 4 -bis(aminopropyl)spermidine via an N 4 -aminopropylspermidine intermediate (Fig. 1A) . The bpsA knockout strain was unable to grow at 93°C, indicating that branched-chain polyamine plays an essential role in survival at high temperatures [15] . Consistent with the distribution of branched-chain polyamines in (hyper)thermophiles [7, 8] , BpsA orthologs are highly conserved in these organisms [15] . Since, compared with known aminopropyltransferases (for example, spermidine synthase and spermine/thermospermine synthase), BpsA has a characteristic primary structure, we hypothesized that branched-chain polyamines are synthesized by T. kodakarensis branched-chain polyamine synthase (Tk-BpsA) by an as-yet-unknown catalytic mechanism. To gain structural insights into the catalytic mechanism of branched-chain polyamine synthesis by Tk-BpsA, we obtained crystal structures of Tk-BpsA in apo-and substrate-bound states. Furthermore, enzyme kinetic analyses and site-directed mutagenesis experiments provided information about the enzymatic properties and a potential mechanism of action.
Results

Catalytic properties of recombinant Tk-BpsA
Recombinant Tk-BpsA was expressed in and purified from E. coli ( Fig. 2A) . The optimal reaction temperature of the enzyme was higher than 100°C. The enzyme retained almost full of its initial activity after heat treatment at 90°C for 60 min (data not shown). Kinetic parameters of the enzyme for various substrates were examined at the optimal reaction pH (pH -aminopropylspermidine; 34, spermidine; ASW, artificial seawater; CHES, N-cyclohexyl-2-aminoethanesulfonic acid; dcSAM, decarboxylated S-adenosylmethionine; DUF, domain of unknown function; HEPES, (2-hydroxyethyl)-1-piperazineethanesulfonic acid; HPLC, high-performance liquid chromatography; ICP-AES, inductively coupled plasma atomic emission spectroscopy; MES, 2-(N-morpholino)ethanesulfonic acid; MTA, 5ʹ-methylthioadenosine; PDB, protein data bank; PEG, polyethylene glycol; PIPES, piperazine-1,4-bis(2-ethanesulfonic acid); RMSD, root mean square deviation; SpmSyn, spermine synthase; Tk-BpsA, Thermococcus kodakarensis branched-chain polyamine synthase.
7.5) and temperature (80°C) (Fig. 2B) , at which T. kodakarensis grows well. Tk-BpsA catalyzed the aminopropylation of the linear-chain polyamines spermidine, spermine, norspermidine, and the tertiarybranched polyamines N -bis(aminopropyl)norspermidine, respectively, which showed that Tk-BpsA has a broad substrate specificity (Table 1) . In contrast, no enzyme activity was observed toward short-chain diamines, putrescine, and cadaverine. The enzyme had an extremely high affinity for N 4 -aminopropylspermidine, and the K m value (1.2 lM) was about twenty-times lower than that for N 4 -aminopropylnorspermidine (K m = 22 lM), suggesting that the position of the aminobutyl group of N 4 -aminopropylspermidine is a factor determining Tk-BpsA substrate affinity. In addition, since the catalytic efficiency toward N 4 -aminopropylspermidine (k cat /K m = 4.1 9 10 4 ) was much higher than that toward spermidine (k cat /K m = 4.6 9 10 2 ), it is reasonable to suggest that the aminopropylation of spermidine is the rate-limiting step of N 4 -bis(aminopropyl)spermidine synthesis, rendering spermidine and N 4 -bis(aminopropyl)spermidine the major types of polyamine in T. kodakarensis [15] .
To analyze the mechanism of the Tk-BpsA catalyzed reaction, initial reaction velocity studies were performed, changing the concentration of one substrate and separately adjusting the other substrate concentration to four different fixed concentrations. It is reasonable to infer from the parallelism of lines in double-reciprocal (Lineweaver-Burk) plots (Fig. 3A) that the aminopropyl transfer reaction catalyzed by Tk-BpsA can follow a ping-pong mechanism [16] . In this mechanism, Tk-BpsA first abstracts an aminopropyl group from the dcSAM donor and then releases the first product, 5 0 -methylthioadenosine (MTA). The acceptor spermidine then abstracts the aminopropyl group from the aminopropylated enzyme intermediate, producing the second product, N 4 -aminopropylspermidine, and regenerating the original enzyme (Fig. 3B) .
Overall structure and structural comparisons
Tk-BpsA and its respective complexes with dcSAM and spermidine yielded suitable crystals for x-ray data collection ( Table 2 ). The phase of apo-TkBpsA was solved by molecular replacement using the structure of a predicted methyltransferase from Pyrococcus furiosus, sharing 81% overall sequence identity with Tk-BpsA, and refined to 1.90 A. The structure of Tk-BpsA is comprised of small (Nterminus to Tyr81) and large (Ser105 to C-terminus) domains, and a long-loop region (Gly82 to Tyr104) between these two domains holds the dimer together (Figs 4 and 5A) . The large Tk-BpsA C-terminal domain consists of eight b-strands and eight a-helices and shares typical structural features with a Rossmann-like coenzyme-binding domain with b-strands flanked on both sides by a-helices [17] . The eight-stranded b-sheet of the large domain is assembled in the order b5-b4-b3-b6-b7-b10-b8-b9, where b10 is antiparallel to the other seven parallel strands (Fig. 4B,C) . Structures of binary and ternary complexes of TkBpsA were solved and refined to 1.95 A and 1.84 A resolution, respectively ( Table 2) . Although the TkBpsA ternary complex was crystallized at 4°C, it was probable that this enzyme retained its activity even at this low temperature. From the electron density around the active site, we fit the predicted products MTA, and N 4 -aminopropylspermidine into the 2Fo -Fc and Fo -Fc electron density maps. Calculation of an anomalous difference Fourier map showed extra electron density at the dimeric interface at the CXXC motif in the long-loop region (Gly82 to Tyr104) (Fig. 6A) . These results indicated that a mononuclear ferric iron was coordinated by four Cys residues of CXXC motifs from two different subunits. To elucidate the role of the CXXC motif in the dimerization and/or activity of Tk-BpsA, we generated a C91A/C94A mutant by site-directed mutagenesis, and the resulting recombinant protein was purified to homogeneity by a combination of heat treatment and Ni-chelating affinity chromatography. The C91A/C94A mutant, probably lacked Fe 3+ ion in the interface between the motif, retained the ability to dimerize, as revealed by size-exclusion chromatography at 25°C (Fig. 6B) , and the specific activities toward spermidine and N 4 -aminopropylspermidine in 50 mM PIPES buffer (pH 7.5) at 80°C were comparable to those of the wild-type. Thus, the CXXC motif does not seem to be essential for the complex formation or catalysis.
We used DALI [18] to search for enzymes with three-dimensional structures similar to Tk-BpsA. The C-terminal region of Tk-BpsA contains a domain belonging to the DUF43 family, annotated as predicted methyltransferases (http://pfam.xfam.org/fa mily/PF01861). Tk-BpsA shares structural similarity with several proteins, including a putative RNA methyltransferase from Pyrococcus horikosii (PDB code, 1WY7; Z-score, 19.7) [19] , an O-methyltransferase from Coxiella burnetii (PDB code, 3TR6; Z-score, 15.4) [20] , a SAM-dependent O-methyltransferase from Leptospira interrogans (PDB code, 2HNK; Z-score, 15.1) [21] , and human spermine synthase (PDB code, 3C6K; Z-score, 12.1) [22] , despite low sequence homology. Superimposing the main chain Ca atoms of the large domain of Tk-BpsA in complex with MTA and N 4 -aminopropylspermidine onto the corresponding atoms in the putative RNA methyltransferase from P. horikosii in complex with S-adenosyl-L-homocysteine resulted in a root mean square deviation (RMSD) value of 2.5 A (Fig. 7) . The RMSD value was higher in the case of C. burnetii O-methyltransferase, L. interrogans SAM-dependent O-methyltransferase, and human spermine synthase (3.2 A, 3.1 A, and 3.1 A, respectively). The small Tk-BpsA N-terminal domain consists of two bstrands and five a-helices and has weak structural similarity with Rio2 kinase from Archaeoglobus fulgidus [23] (PDB code, 1ZAO; Z-score, 10.5) with RMSD of 1.9
----------------MREIIERV KEKTTI PVY ER TI ENVL SAI QA SGDVW RI VD LSEEP LPLVVA VVTAL YELG YVAFE NN Q-V ----------------MERILEKV RAKSEI PVY DK SI ENVL SAI LT TNDFW KI VD LSEEP LPLVAD IIRIL EEEG LVKIS NG --I MIQAR SRRPL SCSLRSSSQNPIAT TFLTGG KMD RI VR QILV KLL GG ERSVY EL IY YQDAS LREFFE LLNSL RDEG LIEVE SG K-V -------------MKKLQEIAEEI SRNTGV VTS AK DV EKIL SAS AS TNHFW EI IT LSQKP FPVVAE AVEIL RKEG FVAVT EE KEI -------------MNILERIAKEV QEETKV RLH AR NV ERVL QAL LK TGDFW KI VD YSDLP VPAASG IIKKF LDEG IVFID EN ENI --MET AGKGV SVNKEALVQVAEEV RRATGL PVG WR DV ERTL GAL RA TRDLW EA VR LSRVP LRFLVP IWEGL ARRG LLRVE EG ---
ILTRK GKELV EKYGIGPRADYTCS HCQGRT VEI DA FS -ELL EQF KE ITRDR PE PA HQFDQ AYVTPE TTVAR VALM HSRGD LE NKE 68 EFTEK GNEFI KSYGIGAKDNSVCE CCEGRG VSL KN YQ -DLL ERF KE IVKNR PM PK HEYDQ GFVTPE CTISR IALM NSRGD LF NKD 85 RITEK GREVA EKERLKFCGDVECE CCEGTG LSI NP YF KEIL QKY SE IAKDR PE TI EVYDQ GFISLE GVIRR VEFV YDRGD LN GR-73 KFTEK GMEYL KEQNIFPKRTYTCP HCEGRG INL SL LS -DLI KKF DE VTEDR PK AI SDYDQ GFVTTN TTIAR IALM AERGD LE GKK 73 LFTQK GLDLV KELGIEPFEEHKCR ACEGRG IPF YD DK -ELY RTF VE IAKDR PK PV QQYDQ GSVTPE TTVSR VLFL DSRGD LR GKE
VGRGI ATLKG PGCAGYFGITRRES SLDKWR EIQ RV LL NEFG VVI TD IIRNF NE YV NWG---YVEET RAWRL LPIK VKPSY NW YKS 236 IGRGI SALKG ERRAGYFGITRRES SLDKWR EIQ RT LI NDFN VVI TD IIRNF NH YV NWG---YEEET RAWKL APVK KKPED IW YKS 252 LSRGV STLKG VGGAGYFGITTLEA SRRKWY EIQ R-MI HDMG FII TD LRRRF NV YP EDEKN FFRFQE KLPIV RHLQ AKVDF NW YNS 240 IGRGI STLKG EGCAGYFGVTLIEA SLEKWN IFQ QI LT SKFK VAI TD IIYDF SH YV NWD---YLLTT VGKPY DFVQ VEPKL NW YRS 242 IGRGI ATLKD AGCAGYFGLTLRDS SIFRWK EFQ EI LI NEYG VVI TD IIQDF ND YM NWE---YHPET RAAQI APVK KNPTD IW YRS 243 VGRGL LALEG EGCAGYVGLTHVEA SLAKWA DFQ RF LL EN-G AVI TE LRDGF HV YE NWG---YIEQM RAWPW LPVK RRPEK PW YTS
YMFRI QTLEG SK-GFEDEITVGQE LYDDEE SST T-----318 YMFRI ETLKD SR-GFEEEVDVGDE LYNDAE SST T-----336 TLFRI EAVKE PKPIVEGEMIIDEK VYKDDE SWA TP Y---322 SMYRI ETLKD SK-GIENVYKP-VE IYVDEE AII YK GE KK 324 AWYRI ETLPG FK-RWNEPISD-EV FYLDEE GST T-----324 ALIRL ELLRR AD-LENARVEG---DLQDEE ATT Y-----
A.
The active site of Tk-BpsA is composed of seven loops and a flexible C-terminal region: a long-flexible loop between a6 and a7; a Gly-Asp-Asp-Asp (GDDD) motif between b3 and a8; an Asp-Ile-Asp (DID) motif between b4 and a9; a D1-loop between b5 and b6; a D/E-loop between b6 and a10; an E-loop between b7 and a11; a W/Y-loop between b9 and a12; and the Cterminus itself (Ser349 to Thr351). Comparisons between apo-and ternary-complex structures revealed the binding of substrate polyamines induced the closure of the active site by gate-keeping loops, comprised of the long-flexible loop, DID motif, D1-loop, W/Yloop, and the C-terminus; these are also involved in encapsulating the polyamines in the correct position at the active site (Fig. 5B, upper panel) . The C-terminal flexible region in the unliganded open form is largely disordered, and therefore, the 2Fo À Fc electron density was not visible in this region; however, an ordered C-terminal region was clearly observed in the ligandbound closed form. Most importantly, this closed conformation was induced by the binding of spermidine, as revealed by the Tk-BpsA-spermidine binary complex (Fig. 5B, lower panel) , but electron density maps were not obtained for the C-terminal flexible region (E333 to D344) and D1-loop, probably because these regions are responsible for encapsulating dcSAM. 
Structure-function correlation
The structure of the active site of the ternary complex, clearly defined by MTA and N 4 -aminopropylspermidine binding, provides significant clues for the identification of important residues around the active site, and the types of interactions responsible for substrate stabilization, i.e., hydrogen-bonds and van der Waals interactions (Fig. 8A,B) . In contrast to other aminopropyltransferases, the signature sequence V-(LA)-(LIV)(2)-G-G-G-X-G-X(2)-(LIV)-X-E (where X is any amino acid; PROSITE entry, PS01330), well-conserved in the putrescine aminopropyltransferase family, is not found in BpsA orthologs (Fig. 4A) . The active site contains several acidic residues so as to accommodate the positively charged substrates spermidine and N 4 -aminopropylspermidine (Fig. 8B) . The MTA-binding site is very close to the polyamine substrate-binding site, with the N-4 amino group of N 4 -aminopropylspermidine pointing directly at the MTA sulfur atom, such that the sulfur-nitrogen distance between its sulfur atom and the N-4 amino group of N 4 -aminopropylspermidine is 4.81 A (Fig. 8C ), To clarify structure-function correlations, we created and purified several mutants of amino acid residues that, according to the crystal structure of the ternary complex, reside near MTA or N 4 -aminopropylspermidine were replaced with alanine or tyrosine. These mutants were: D126A (Asp126 to Ala), D158A, D159A, D160A, D179A, E228A, E259A, Y295A, Y316A, T350Y, and T350A ( Fig. 2A) . The crystal structure of Tk-BpsA revealed that Asp159, located in the GDDD motif highly conserved among BpsA orthologs, resides between the N-4 amino group of the substrate polyamine and the sulfur atom of dcSAM, suggesting a role as a catalytic residue that facilitates nucleophilic attack on the C-a atom of the dcSAM aminopropyl group. Indeed, D159A mutation resulted in complete loss of activity (Table 3) . Mutating
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Asp160, another GDDD motif residue, to alanine also resulted in complete loss of activity toward both substrates. Asp158 was the only GDDD motif aspartate residue not directly involved in the aminopropyltransfer reaction because the activities of the D158A mutant toward spermidine and N 4 -aminopropylspermidine were one-half and twice the activities of the wildtype enzyme, respectively, at 80°C (Fig. 9B) . Since the GDDD motif is in the flexible loop between b3 and a8, hydrogen-bonding between Asp158 and Leu161-Ser163 stabilizes the catalytic residue-carrying loop structure, especially at extremely high temperatures (Fig. 9A) . Temperature-dependent activity profiles of the D158A mutant showed that the activity of the wild-type was higher than that of D158A above 90°C (Fig. 9B) .
The adenine ring of MTA is bracketed by two adjacent residues, Ile180 on one side, and Phe236 on the other, by van der Waals interactions (Fig. 8A ). Asp206 and Tyr343 respectively form hydrogen-bonds with the N-6 and N-7 atoms of the MTA adenine moiety. Asp179 participates in a bidentate hydrogen-bond interaction with the hydroxyl groups of the ribose; the D179A mutant showed no activity toward spermidine or N 4 -aminopropylspermidine ( Fig. 8A and Table 3 ). In addition, the backbone carbonyl of Asp126 is poised to interact with the positively charged sulfur atom of the MTA cofactor. Specifically, the backbone carbonyl of Pro226 and the carboxy of Glu228 establish hydrogen-bonding interactions with the N-1 amino group of the spermidine moiety (Fig. 8B) . Activity toward spermidine and N 4 -aminopropylspermidine was abolished in the E228A mutant, indicating that the interactions via this residue are essential for Tk-BpsA activity. Asp126, Tyr295, and Thr350 form hydrogenbonds with the N-8 amino group of the spermidine moiety. In addition, Trp293 is involved in van der Waals interactions with the butylene group of the spermidine. An aminopropyl moiety newly added to spermidine hydrogen-bonds with the backbone carbonyl of Ala128 and the carboxy groups of Asp160, and Asp159. In contrast, the N-4 amino group of N 4 -aminopropylspermidine is surrounded mostly by acidic residues, such as Asp126, Glu259, and Tyr316 (Fig. 8C) . Although Thr350 is in the C-terminal domain, its exact position has not been assigned due to the flexibility of this region. The k cat /K m value of the T350A mutant, affecting the hydrogen-bond between Thr350 and the N-8 amino group of spermidine, was slightly higher for spermidine than that of the wild-type enzyme (Table 3 ). The k cat /K m value of the T350A mutant toward N was about 25% that of the wild-type, and the substrate affinity was impaired. Therefore, Thr350 could predominantly be involved in the recognition of tertiary amines. In contrast to T350A mutation, alteration of Thr350 to tyrosine (T350Y) led to a reduced catalytic efficiency toward both substrates, compared with the wild-type, probably due to a steric effect on substrate binding. Mutation of Y295, located in the W/Y-loop between b9 and a13 and which forms a hydrogen-bond with the N-8 amino group of the spermidine moiety, to alanine, resulted in reduced catalytic efficiency toward N 4 -aminopropylspermidine but not spermidine when compared with the wild-type (decreases to one-fifth of the wild-type value for N 4 -aminopropylspermidine), suggesting that the involvement of Y295 in the recognition of N-8 amino group of the tertiary polyamine.
-aminopropylspermidine
Next, we investigated the putative residues responsible for polyamine branched-aminopropyl group binding. We focused on three amino acid residues, Asp126, Glu259, and Tyr316, because they form the acidic cavity, and therefore are thought to play important roles in localizing the aminopropyl group anchored to the N-4 amino group of the spermidine moiety (Fig. 8C) . It is worth noting that k cat and K m values of the D126A mutant toward spermidine were comparable to those of the wild-type; however, its activity toward N 4 -aminopropylspermidine was completely abolished (Table 3 ). This indicated that Asp126, located in a long-flexible loop, is an essential residue for the aminopropylation of N 4 -aminopropylspermidine, with its carboxy group interacting with the amino group of the branched-aminopropyl group. However, mutating Glu259 (E259A) and Tyr316 (Y316A), the side chains of which are directed toward the N-4 amino group of N 4 -aminopropylspermidine, caused a reduction of the overall enzyme activity toward both substrates ( Table 3 ). The k cat /K m values of E259A and Y316A mutants toward spermidine were about one-third and one-fifth that of the wild-type, respectively. The k cat value of Y316A toward N 4 -aminopropylspermidine was about 12% that of the wild-type, with no effect on substrate affinity, suggesting that Tyr316 is not involved in substrate binding but plays a role in catalysis. However, the E259A mutant lacked activity toward N 4 -aminopropylspermidine. Because the hydroxyl group of Tyr316 is expected to hydrogen-bond with the carboxy group of Glu259, the latter residue is presumably involved in catalysis.
Discussion
As revealed by the Tk-BpsA-MTA-N 4 -aminopropylspermidine ternary-complex structure, the active site geometry of Tk-BpsA is completely different from that of other known polyamine synthases such as spermidine and spermine synthases [22, 24] . Structural comparison of Tk-BpsA and human spermine synthase -aminopropylspermidine and spermine, respectively, even though both enzymes use spermidine as a substrate (Fig. 10 ). Our observations suggest that two major factors contribute to branched-chain polyamine synthesis: 1. the Gly-rich loop structure (Gly-rich loop) of spermine synthase is relatively small compared to the Asp-rich loop of Tk-BpsA (the GDDD motif); the structure of the Asp-rich loop allows spermidine to bind in its 'extended' form without much steric hindrance; 2. the proximity between the catalytic Asp residue and the reactive amino group of spermidine defines the location of the new aminopropyl group.
Tk-BpsA possesses a mononuclear ferric iron ion coordinated by the conserved CXXC motif at a dimer interface. The metal-binding protein CooC from Carboxydothermus hydrogenformans contains a CXC motif as a Ni-and Fe-binding site responsible for metalinduced dimerization, resulting in the active form [25] . However, our mutational analysis suggested that the ferric iron ion bound to Tk-BpsA is not involved in catalysis and dimerization. It is not known whether C91A/C94A mutation affects cell growth of T. kodakarensis. Evaluation of the physiological significance of ferric iron coordinated by the CXXC motifs is an attractive question meriting further exploration.
The proposed reaction mechanism is shown in Fig. 11A . In the case of human [22] and bovine [26] spermine synthases, and human [24] , bovine [27] , E. coli [28] , and Thermotoga maritima [29] spermidine synthases, the aminopropyl transfer reactions proceed through a S N 2 displacement mechanism, with inversion of the configuration at the reacting methylene group of dcSAM undergoing nucleophilic attack by the reactive amino group of the substrate polyamine. Substrate polyamine deprotonation by the surrounding acidic residues is also seen in the reaction catalyzed by spermidine/spermine synthases. The single displacement reaction was thoroughly proven by the stereochemistry of the reaction with E. coli spermidine synthase [30, 31] and the potency of a transition state inhibitor, S-adenosyl-1,8-diamino-3-thiooctane, of spermidine synthases [29, 32] . In our proposed mechanism, two neighboring active site aspartic acid residues of Tk-BpsA, Asp159, and Asp160, highly conserved among BpsA orthologs, play key roles in the aminopropyltransferase reaction, as indicated by our site-directed mutagenesis studies. The parallelism seen in the Lineweaver-Burk plots suggests that the aminopropyltransferase reaction proceeds through a ping-pong Bi Bi mechanism [16] , with the carboxylate side chain of Asp159 initiating a nucleophilic attack on the C-a atom of dcSAM, resulting in an aminopropylated enzyme. As an example of alkylated Asp/Glu-substrate adduct, haloalkane dehalogenase catalyzes the hydrolysis of a variety of haloalkanes through acyl ester intermediate formed by S N 2 nucleophilic substitution, resulting in the production of alcohol, halide, and a hydrogen ion [33, 34] . We are trying to solve the crystal structure of BpsA with dcSAM alone and/or identify an acyl ester intermediate by mass spectrometry to support the proposed reaction mechanism. Because of its proximity to Asp159, we postulate that Asp160 participates in binding of the aminopropyl group of dcSAM to stabilize the aminopropylated enzyme intermediate. The carboxylate group of Asp126 is essential for fixing the distal end of the branched-aminopropyl group in the cavity, to correctly orient N 4 -aminopropylspermidine in the active site. The negatively charged environment created by the hydroxyl group of Tyr316 and the carboxy group of Glu259 may facilitate deprotonation of the reactive amino group of substrate polyamines. Since the nucleophilicity of a tertiary amine is weaker than that of a secondary amine due to steric hindrance, these residues (Tyr316 and Glu259) appear to be required for the reaction with N 4 -aminopropylspermidine more than for that with spermidine. However, mutating Tyr316 and Glu259 to alanine did not result in a complete loss of activity toward spermidine; the other surrounding acidic residues, Tyr290 and Asp225 (Fig. 11B) , might also be involved in the deprotonation of the reactive amino group of polyamine substrate. The resultant deprotonated amino group then attacks the C-a atom of the anchored aminopropyl group. Thus, our present structural and biochemical data lead us to propose a new catalytic concept for the aminopropyl transfer reaction.
Materials and methods
Cloning of tk-bpsA gene and protein purification Gene Tk1691 was amplified using primer pair tk1691-Fw and tk1691-Rv (Table S1 ) from genomic DNA of T. kodakarensis KOD1 cultivated anaerobically in ASW-YTbased medium [35] , supplemented with 2.0 gÁL À1 of elemental sulfur. The amplified fragment was cloned into the NdeI/EcoRI sites of pET28a encoding an N-terminal His 6 tag, yielding plasmid pTK1691. Tk-BpsA was produced in E. coli BL21-CodonPlus (DE3)-RIL cells (Agilent Technologies, Santa Clara, CA) harboring pTK1691, which were grown in Luria Bertani medium containing 100 lgÁmL À1 ampicillin at 37°C. When the optical density at 600 nm reached 0.5, 1 mM isopropyl-b-D-thiogalactopyranoside was added to the media, and then the cells were cultivated again at 37°C for 4 h. The grown cells were harvested by centrifugation at 10 000 g for 30 min. Cell pellets were resuspended in buffer containing 20 mM Tris-Cl, pH 7.8, and disrupted by sonication. Cell debris was removed by centrifugation at 23 000 g for 60 min. The supernatant was incubated at 90°C for 60 min, and centrifuged at 23 000 g for 60 min. The resultant supernatant was applied to a 5-mL HiTrap Ni-Chelating column (GE Healthcare, Little Chalfont, UK) and eluted with a linear imidazole gradient (0 to 1.0 M) in buffer A (50 mM potassium phosphate buffer, pH 7.0, containing 1 mM dithiothreitol, 0.1 mM sodium ethylenediaminetetraacetic acid, and 100 mM NaCl). The buffer was exchanged to 20 mM Tris-Cl, pH 8.0, containing 150 mM NaCl using a PD-10 desalting column (GE Healthcare). Purified enzymes were then used for enzymatic assays and crystallization. [36] . N 4 -Aminopropylspermine was prepared using the protocol reported in the literature [37] and usual deprotection procedure. Decarboxylated Sadenosylmethionine (dcSAM) was synthesized according to a previous report [38] .
Synthesis of branched-chain polyamines
Enzymatic assay
Aminopropyltransferase activity was measured by HPLC analysis as described previously [15] . Unless otherwise noted, each reaction mixture (200 lL) contained 1 mM acceptor substrate (spermidine, spermine, norspermidine, -aminopropylnorspermidine), 500 lM donor substrate dcSAM, and purified enzyme in 50 mM PIPES-NaOH buffer (pH 7.5) and the reaction was performed at 80°C. One unit of enzyme activity was defined as the amount of enzyme that produced 1 lmol of a product per min. For kinetic studies, initial reaction rates were measured with various concentrations of one substrate and a fixed concentration of the other substrate at 80°C. The kinetic parameters were later determined by fitting the data to the Michaelis-Menten equation with a nonlinear least squares regression analysis program (KALEIDA GRAPH software; Adelbeck Software, Reading, PA, USA).
Site-directed mutagenesis and protein purification
The QuikChange site-directed mutagenesis method (Qiagen, Venlo, The Netherlands) was used to generate a variety of Tk-BpsA mutants (namely, C91A/C94A, D126A, D158A, D159A, D160A, D179A, E228A, E259A, Y295A, Y316A, T350Y, and T350A). The respective mutagenic primers are listed in Table S1 . Tk-BpsA mutant proteins were produced in E. coli BL21-CodonPlus (DE3)-RIL cells as in the case of the expression of Tk-BpsA wild-type. The cell extract obtained by sonication was incubated at 90°C for 60 min, and centrifuged at 23 000 g for 60 min. For the purification of the C91A/C94A mutant, the resultant supernatant was applied onto a 5 mL HiTrap Ni-Chelating column (GE Healthcare) and eluted with a linear imidazole gradient (0 to 1.0 M) in buffer A. Purified enzyme buffer was replaced with a buffer containing 20 mM Tris-Cl, pH 8.0, and 150 mM NaCl using a PD-10 Desalting column. Protein concentrations were determined by Bradford dye-binding assay [39] , using bovine serum albumin for standard curve generation.
Other method
For size-exclusion chromatography analysis, superdex 200 10/300 GL FPLC column (GE Healthcare) was equilibrated with 20 mM Tris-Cl (pH 8.0) and 0.15 M NaCl. The column was calibrated using known molecular mass standards (ferritin, 440 kDa; aldolase, 158 kDa; conalbumin, 75 kDa; ovalbumin, 44 kDa) at a flow rate of 1 mL 9 min À1 and monitored at A 280 nm . The retention times of Tk-BpsA protein and the C91A/C94A mutant (as in AXXA mutant) were then compared to those of the molecular mass standards. The analyses were performed at 25°C.
Crystallization, data collection, and refinement and dcSAM (4 mM final concentration) at 4°C for 1 h. Ternary crystal complexes were obtained by sitting-drop diffusion in a drop containing a 1 : 1 mixture of protein to mother liquor solution of 0.1 M sodium citrate tribasic dehydrate (pH 6.5) and 2.5 M 1,6-hexanediol. Apo-form crystals were cryoprotected using a 1 : 1 mixture of reservoir solution and 20% glycerol, while the binary-and ternary-complex crystals were not supplemented with additional cryoprotectant solution. All crystals were stored in liquid N 2 until data collection. Diffraction data for the apo-and complexed-forms of protein were collected at 100 K at the SPring-8 BL44XU beamline. Oscillation angle and exposure time per image were set as 0.6°and 1 s, respectively for the apo-form, and 0.5°and 0.5 s respectively for the complexed-forms. The data collected were processed using HKL2000 [40] . The phase of apo-Tk-BpsA was determined by molecular replacement (MOLREP from the CCP4 suite) [41, 42] using the structure of a predicted methyltransferase from P. furiosus (PDB code: 2QM3) as the search model. The structures of the binary and ternary complexes were determined by molecular replacement using the apo structure as the search model. The three structures were iteratively refined with REFMAC5 [43] built-in to the CCP4 suite, while manual model building was performed using the molecular graphics program COOT [44] . Water molecules were added to the respective models using an automated water-searching program included in COOT and were later adjusted manually. Stereochemical quality of refined models was checked with RAMPAGE [45] . All protein figures were generated using PYMOL (version 1.3rl, Schr€ odinger, LLC). Data collection and refinement statistics for the final coordinate sets are given in Table 2 .
Inductively coupled plasma atomic emission spectroscopy
Inductively coupled plasma atomic emission spectroscopy analysis was conducted with a SHIMADZU ICPS-7510 system with a coaxial-type nebulizer equipped with a cyclone chamber (misting chamber), a quartz plasma torch and photomultiplier tube detector. The coolant gas flow rate was 14.0 LÁmin
À1
, while the plasma gas flow rate was 1. 
